We unambiguously identify, in experiment and theory, a previously overlooked holographic interference pattern in strong-field ionization, dubbed "the spiral", stemming from two trajectories for which the binding potential and the laser field are equally critical. We show that, due to strong interaction with the core, these trajectories are optimal tools for probing the target after ionization and for revealing obfuscated phases in the initial bound states. The spiral is shown to be responsible for interference carpets, formerly attributed to direct above-threshold ionization trajectories, and we show the carpet-interference condition is a general property due to the field symmetry.
The interaction of matter with intense laser fields (I = 10 13 W/cm 2 or higher) has led to the inception of attoscience. Attoseconds are some of the shortest time scales in nature, which makes real-time probing and steering of electron dynamics possible [1] [2] [3] [4] . Examples are resolving charge migration [2, 5, 6] and conical intersections [7] in molecules and using tailored fields to probe chiral systems [8, 9] . One must measure not only amplitudes, but also phase differences in order to reconstruct specific targets. This requirement has caused the development of ultrafast photoelectron holography [10] [11] [12] [13] , which combines two key advantages: high photoelectron currents and subfemtosecond resolution. It exploits the quantum interference of different paths that an electron can take during strong-field ionization to produce a holographic image of the target with all the important phase information. Typically, there is a direct ('reference') pathway and one that re-interacts with the target ('probe'). Useful phases imprinting structural information are thought to be acquired after ionization, when the 'probe' returns close by the parent ion. Hence, for optimal imaging one should minimize the closest distance from the core upon return. Examples of holographic patterns are a spiderlike structure [12, 14] , fan-shaped [15, 16] and fishbonetype fringes [17] .
The fan results from the interference of direct and lightly deflected trajectories [18, 19] , and the spider is caused by the interference of two types of forwardscattered trajectories, whose interaction with the core is brief [12, 14, 19 ]. Yet, they can be used to probe the target. Enhancements in the fan were related to the coupling of electronic and nuclear degrees of freedom in H 2 [20] , while suppressions were associated with electron capture in Rydberg states in dimers [21] . The spider has been shown to be sensitive to molecular orientation [22] and employed to investigate the dynamics of nodal planes and molecular alignment [23] . Still, the above-stated effects either relate to the structureless Coulomb tail or to phase differences obtained prior to ionization, such as those in the target's initial bound states. Nonetheless, there is a strong motivation to go beyond that scope, and image changes that happen subsequently to ionization, such as polarization, charge migration or multielectron dynamics. Thus, a stronger interaction with the core during continuum propagation is desirable. An early example is the fishbone structure reported in [17] , which was associated with backscattered trajectories, but was obfuscated by the spider-like fringes. This made an elaborate scheme necessary in order to remove the spider artificially and retrieve such a structure.
Alternatively, one may employ holographic patterns caused by backscattered trajectories that occur in momentum regions for which the spider is suppressed, such as interference carpets [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, they were attributed to interfering direct SFA orbits and their interplay with above-threshold ionization (ATI) rings [24, 25] , but there is room for misinterpretation. First, the energy region for which they are observed is much higher than the direct ATI cutoff [33] . Second, a theoretical study [28] of two colour orthogonally polarized fields concluded that the long-range Coulomb tail boosted the importance of forward-scattered trajectories in carpet-like interferences. This invites the questions of why rescattering is not important and has not been studied in this context.
It is noteworthy that most explanations of holographic structures neglect many important Coulomb effects. This has led to Coulomb-distorted orbit-based methods [13] , including the Coulomb quantum-orbit strong field ap-proximation (CQSFA). The CQSFA enables an incredibly clear picture of quantum interference that has revealed a whole host of previously overlooked interference patterns [18, 19, [34] [35] [36] . With this in mind we suggest that the explanation in [25] for the carpet-like structure is over simplified.
In this Letter, we provide a more general explanation and show that some properties of the interference carpets may be caused by several types of interfering orbits, including rescattered ATI orbits and Coulomb distorted trajectories. In particular, in the high-energy photoelectron region, we find a spiral-like pattern resulting from the interference between Coulomb-distorted back-and forward-scattered electron trajectories, which is entirely responsible for the carpet-like structure. This spiral-like pattern is unambiguously verified in our experiments. Furthermore, we show the spiral is well suited to holographic imaging with a strong interaction with the core and has the ability to reveal usually obscured phases, thus providing a promising approach for ultrafast imaging of atomic and molecular structures.
The CQSFA [19, 34] takes the formally exact transition amplitude for single electron strong field ionization
where the initial state is taken as |ψ 0 (t 0 ) = e iIpt0 |ψ 0 , |ψ p f (t) is a final continuum state with momentum p f . The time evolution operatorÛ (t, t ) relates to the full HamiltonianĤ(t) =p 2 /2 + V (r) +Ĥ I (t), where V (r) is the binding potential and the interaction with the field is given byĤ I (t) = −r · E(t). Using a path-integral formalism coupled with the saddle-point approximation this becomes the sum
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(2) over s quantum orbits. The action along each orbit reads
where the intermediate momentum p and coordinate r have been parametrized in terms of the time τ . The integral in Eq. (3) diverges at the lower bound; this is fixed using the regularization procedure as described in [37] [38] [39] . The variables t s , p s and r s are determined by the saddle-point equations
The term in brackets is associated with the stability of the orbit, and C(t s ) is given by
where |Ψ 0 refers to the initial bound state of the electron, which we find using the GAMESS-UK [40] quantum chemistry software. In this work we will use the ground states of xenon, neon and helium.
In contrast to all previous calculations [18, [34] [35] [36] [37] 41] , which used the one-over-r Coulomb potential for the continuum phase and dynamics [42] , here we employ a singleelectron effective potential for noble gases [43, 44] , which takes the form
where f (r) = a 1 e −a2r + a 3 re −a4r + a 5 e −a6r and r(τ ) = r(τ ) · r(τ ). The a i parameters are set by fitting to a numerically calculated potential [44] . For the atoms of interest the values are listed in Table I . We will denote a simple hydrogenic Coulomb, helium, neon and xenon potentials as V H , V He , V N e and V Xe , respectively. These potentials ensure that 'structural' information is imprinted in the phases, and we can use this to evaluate the sensitivity of the holographic structures. Similar to previous work [19] one may simplify the action usinġ
The classification, from [45] , for the four orbits is as follows: For orbit 1, the electron tunnels towards the detector and reaches it directly. If it is released on the "wrong" side, and then turns around to reach the detector, the electron will propagate along orbit 2 or 3. For orbit 2, the initial and final transverse momentum of the electron will point in the same direction, while for orbit . Panel (b) shows the resulting spiral-like interference structure that occurs in the photoelectron momentum distribution. This was computed using the CQSFA for a laser intensity I = 7 × 10 13 W/cm 2 and wavelength of 800 nm over a single cycle for a xenon target with Ip = 0.446 a.u., initial wave function calculated by GAMESS [40] and using the potential VXe in the continuum.
In order to measure the spiral in experiment, we employ a commercial laser system (FEMTOPOWER Compact PRO, Femtolasers Produktions GmbH) consisting of a broadband femtosecond oscillator and a multipass chirped-pulse amplifier. The system delivered 30-fs pulses (FWHM) with a maximal output energy of 0.8 mJ, a central wavelength of 800 nm, and a repetition rate of 5 kHz. The pulse energy from the amplifier was adjusted by means of a broadband achromatic half-wave plate followed by a thin-film polarizer. The linearly polarized pulses were focused into the interaction chamber by an on-axis spherical mirror with a focal length of 75 mm. The sample gas was fed into the interaction chamber through a needle valve. The ejected electrons were detected using a velocity map imaging (VMI) spectrometer [46] . Images were recorded using a delayline position-sensitive detector. Retrieval of the velocity and angular distribution of the measured photoelectrons was performed by using the Gaussian basis-set expansion Abel transform method [47] .
In Fig. 2(a) we show experimental results for strongfield ionization of xenon compared with CQSFA computations [ Fig. 2 Fig. 2 is plotted over the photoelectron emission angle (θ) and energy (E), in order to distinguish the spiral [V-shape] from ATI rings [horizontal lines]. The CQSFA results have been averaged over the focal volume according to [49] . There is excellent agreement between the experiment and the CQSFA, panels (a) and (b), respectively, aside from a slight shift of 0.7 eV. However, one may show that the polarizability of xenon will shift the ionization potential, and hence the carpet, by 0.75 eV [50] . In the high-energy region around θ ≈ 90 • the V-shaped (spiral) and the horizontal (ATI rings) fringes combine to make oval shapes. In Fig. 2(d Theoretical results using the direct ATI orbits in the standard strong-field approximation following [25] . Panel (f): signal computed using high-order rescattered ATI (HATI) (see [36, 48] for more details). Note the HATI prefactors have been neglected here as we are focusing on the interference fringes. All theoretical results have been averaged over the focal volume of the laser field [49] . The spiral-like fringes in the experimental results have been traced by black dotted lines, which have been duplicated to panels (b) and (d). The 2Up cut-off has been marked by a green dashed line. The central (outer) dotted rectangle(s) mark the region where the spiral (spider) is dominant and easily visible in experiment. The fan and SFA fringes are marked by black dot-dashed lines. Initial states are computed using GAMESS UK [40] and as before using the potential VXe. A logarithmic scale is used over 4 orders of magnitude for panels (a)-(d) and 8 orders of magnitude for (e) and (f). The scale is in arbitrary units normalized with regard to the peak value in each panel.
the agreement with experiment. Hence, the spiral is unambiguously identified as the cause of these high-energy fringes. The combination of the spiral-like structure and ATI rings in this energy region leads to the interference carpets.
One of the main features is that, along the line θ = 90 • , there is a spacing of 2ω between the ovals obeying
where n is an integer and E k = 1/2p 2 ⊥ is the electron's kinetic energy [24, 25] , which we also find in both theory and experiment; see Fig. 2 . This gap stems from the mirror symmetry (due to the laser field) about the r ⊥ axis for pairs of interfering trajectories separated by exactly one half cycle, which leads to almost all phases cancelling out, including those related to the Coulomb potential. In the supplementary material we show analytically that Eq. (9) is universal and is satisfied by pairs of direct and rescattered (high-order) ATI (HATI) SFA orbits and CQSFA trajectories. Like ATI rings, Eq. (9) is due to a fundamental symmetry present for a linear monochromatic fields. In the CQSFA, Eq. (9) holds for the orbit pairs (1, 2) and (3, 4) . Hence, demonstrating that a model satisfies Eq. (9) is not sufficient evidence of the physical mechanism for the carpet.
There are fundamental discrepancies for the carpet-like structure between the present CQSFA interpretation and the direct SFA previously given in [24, 25] [see Figs. 2(b) vs (e)], namely: 1) The signal associated with direct orbits is very low in the region of interest, while the contributions of orbits 3 and 4 dominate. 2) The fringes due to the interference of direct orbits lead to sharp V-shaped fringes, which are much finer than the chequerboard spiral/ carpet seen in experiment [ Fig. 2(a) ]. The figure shows that, although the carpet structure is reproduced at exactly θ = 90 • , there is significant disagreement away from θ = 90 • . The yield is strongly suppressed, and the V-shaped fringes are steeper and much finer. If one uses Coulomb-distorted (CQSFA) orbits 1 and 2 [ Fig. 2(c) ] the fringes are slightly straighter, as Coulomb distortions lead to fan-shaped, nearly radial fringes [19, 34] in the momentum distributions. This worsens the agreement with experiment and refutes the explanation in [25] , where very similar laser parameters were used for xenon. In Fig. 2(f) , we plot contributions from two pairs of HATI orbits with ionization times separated by half a cycle (we use the uniform approximation in [51] ). However, in this case there is almost no signal in the region of interest and the interference washes out very rapidly away from θ = 90 • . Thus, SFA type orbits fail to qualitatively reproduce the interference carpet.
Three reasons make the spiral an ideal candidate for extracting information about the residual core via electron holography. Firstly, it is visible without any additional manipulation because in the angle-energy region of interest only electron orbits 3 and 4 are dominant allowing for a simpler analysis. Secondly, for θ = 90 • , phase differences that are usually hidden can be extracted [41] . Thirdly, these two trajectories revisit the ion core very closely, undergoing the most interaction with the binding potential. This is exemplified in Figs. 3(a) and (b), where the contributing orbits for the spiral and spider are plotted. The final momentum of the orbits for each structure is chosen so that they interact the most with the binding potential. The orbits follow noticeably different paths for the spiral depending on whether V H or V Xe is used for continuum dynamics, while much less difference can be observed for the spider. Comparing the electron's closest distance to the core we find it is roughly twice as large for the spider [Table II ]. At these distances V Xe and V H differ by 58% and 6% for the spiral and spider, respectively [see Table II ]. Thus, the spiral is much more sensitive to the structural information encoded in the effective potential. In panels (c) and (d), we compare the spiral and the spider directly by plotting their signal as a function of the emission angle for a fixed energy E = 9.5 eV. The maximum deviation in position and height peak in the regions where spiral or spider dominate, given in Table  II , are about 2.5 and 6 times greater, respectively, for the spiral. This confirms a much stronger sensitivity to the target and structural phases.
In Fig. 4 energy region near θ = 90 • , but are less prominent than for xenon as they occur at a higher photoelectron energy. This demonstrates that the spiral-like interference is not limited to xenon or those particular laser parameters. As before lines have been placed on the figures to trace the spiral fringes. The lines are shifted by a single photon energy (≈ 1.4 eV) between helium and neon. This is due to orbits 3 and 4 leaving from opposite side of the atom, and the valence orbitals of helium and neon having opposite [even and odd, respectively] parities. This leads to the two sets of fringes being out of phase. Note that the fringes between the CQSFA and Qprop calculation are shifted but crucially both models show out-of-phase fringes between targets. Comparing two targets, such as N 2 and neon in [41] , allows the spiral to be exploited as a sensitive probe of orbital parity.
In conclusion, we have found a holographic spiral-like structure first predicted in [36] , both in experiment and theory, and have identified it as the cause of interference carpets. We find that the 2ω gap in the interference carpets is a universal feature inherent to the field symmetry, which can be satisfied by many pairs of trajectories across different models for ATI.
The spiral has been overlooked until now, for the following reasons. First, other explanations for the interference carpets [24, 25, 29, 30] , based on the direct SFA, were available and it was assumed that the 2ω gap was specific to that physical mechanism. Second, there was lack of proper theoretical treatment of orbits in that parameter range, due to the SFA being constructed as a field-dressed Born series using Coulomb-free trajectories. This left out a wide range of orbits considered by the CQSFA, for which both the potential and the field were relevant. Thus, the prospects of the spiral for holographic imaging have not been realized.
So far, interference carpets have solely been used for determining initial phases such as those associated with bound-state parity. Yet, the spiral is ideal for holographic imaging due to its high sensitivity to structural Coulomb phases. Furthermore, in contrast to the fishbone structure [17] , it requires no further manipulation to be observed. Finally, the half-cycle separation between the pathways that form the spiral means that ultrafast dynamics could be resolved. All of this makes the spiral the ideal structure for imaging and photoelectron holography.
